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We discuss the possibility of measuring nuclear anapole moments in atomic Zeeman transitions 
and perform the necessary calculations. Advantages of using Zeeman transitions include variable 
transition frequencies and the possibility of enhancement of parity nonconservation effects. 
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Experiments on parity nonconservation in atoms have 
measured the electron-nucleon weak interaction and have 
provided very accurate tests of the Standard Model at 
low energies (see, e.g., review 0). It has been pointed 
out in Ref. [21 that atomic experiments can be used to 
measure the nuclear anapole moment and study parity 
nonconserving (PNC) nuclear forces. The measurement 
of the anapole moment of '^'^^Cs nucleus was reported 
in Ref. j^J. However, the strength of the PNC nuclear 
forces extracted from this measurement seem to disagree 
with the limits on these forces extracted from the ^os^pj 
anapole measurement performed in another atomic ex- 
periment 0. Moreover, the general situation with PNC 
nuclear forces at the moment is controversial since dif- 
ferent experiments give contradictory results (see, e.g., 
review )V\ ) . This situation requires new measurements of 
nuclear anapole moments. 

The PNC interaction in atoms can be split into 
a nuclear spin-dependent (NSD) and nuclear spin- 
independent (NSI) part. The NSI part is due to the 
nuclear weak charge, and the PNC effects produced by 
the NSI part are two orders of magnitude larger than 
the PNC effects produced by the NSD part. There are 
three contributions to the NSD part of the PNC interac- 
tion: the nuclear anapole moment, the NSD part of the 
electron-nucleus interaction, and the combination of the 
NSI electron-nucleus weak interaction and the hyperfine 
interaction. For heavy atoms the anapole moment con- 
tribution dominates since it grows as In ex- 
periments the NSD contribution was separated from 
the much larger NSI contribution. The NSD contribution 
is different in different hyperfine components of an opti- 
cal transition and can be extracted from the difference 
of the PNC effects in these components. An alternative 
method to measure the NSD interaction was suggested 
in Ref. The NSI part is zero in transitions between 
hyperfine terms of a ground state electronic level. The 
measurements of PNC in the hyperfine transitions is sen- 
sitive to the NSD PNC interaction only. Unfortunately, 
no such experiment has been performed. 

It was suggested in Refs. 's'l (see also review and ref- 
erences therein) that the transitions between the Zeeman 
components of the hyperfine levels of a ground state atom 
in a magnetic field may be more convenient for the mea- 
surements of PNC induced by the NSD interaction, than 
transitions between the hyperfine levels themselves. The 
NSI interaction still does not contribute here, therefore. 



the measurement of the PNC effects in Zeeman transi- 
tions can provide a value of the nuclear anapole moment. 
One advantage of using these transitions is that for weak 
external magnetic fields, the transition frequency is pro- 
portional to the field and so can be chosen arbitrarily 
small, and determined from the conditions required for 
optimal experimental setup. Advantages of the low fre- 
quency were explained in the proposal of possible experi- 
ments in hydrogen, potassium and cesium hyperfine tran- 
sitions 10]. At low frequencies one does not need a res- 
onator to produce the electromagnetic field. This greatly 
simplifies the experiment and allows the frequency to be 
set to the same value for different atoms. It should be 
noted that the PNC El amplitudes of the Zeeman tran- 
sitions in weak magnetic fields are suppressed by a factor 
huj/ AEfif, where lo is the transition frequency and AE^f 
is the hyperfine splitting. However, the El amplitude 
increases with nuclear charge as d cx Z^A^/^Ra, where 
Ra is a relativistic correction factor (see, e.g. 0, ^| 
), while the hyperfine splitting increases as AEhf oc Z. 
Combining these results we can see that the El ampli- 
tude of Zeeman transitions increases faster than ZA^^^ 
for heavy atoms in weak magnetic fields at a fixed tran- 
sition frequency. This suggests that heavy atoms should 
be considered as candidates for an experiment. 

Another possible advantage appears for Zeeman tran- 
sitions in a strong magnetic field ^3 ■ Parity noncon- 
servation appear due to interference between the PNC 
electric dipole amplitude, d, and the magnetic dipole am- 
plitude, 11, P Im[2d^l/{\^l\^ + Idp)] « 2Im{d/n). In 
a strong magnetic field an cigenstate is approximately 
a product of the nuclear spin state times the electron 
wave function. The Ml amplitude, /i, between the Zee- 
man states corresponding to nuclear spin-fiip is very 
small, since the nuclear magnetic moment is ~1000 times 
smaller than the electron magnetic moment (in reality the 
contribution from the small admixture of the state with 
a different electron angular momentum projection will 
always dominate /i). The magnitude of the PNC am- 
plitude, d, is not suppressed for such transitions. This 
enhances the value of PNC effects (^ containing /i 
in the denominator. 

In this paper we will consider three different exper- 
imental schemes; no magnetic field, a weak magnetic 
field {gfisB <C AE^.f), and a strong magnetic field 
{g^BB 3> AEiif 3> gifiNB). For each we shall calcu- 
late the ratio R = d/uun, where d is the PNC El am- 
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plitude, fi is the Ml amplitude and uj is the transition 
frequency. A promising transition wiU have a relatively 
large R, since the PNC El amplitude, d, will be large, 
the background parity conserving Ml amplitude, /i, will 
be relatively small, and ideally the transition frequency 
should also be low, as mentioned previously. 

We consider atoms and ions with the electron angular 
momentum J = 1/2. In this case the only allowed values 
for the total atomic angular momentum are F — I± 1/2, 
where / is the nuclear spin. In the presence of a magnetic 
field, states with a fixed F are split into states with a fixed 
projection, M, onto the external field direction. The to- 
tal angular momentum is no longer conserved, there is a 
mixing of states with the same projection, M, resulting 
in the appearance of the new states: 

\^^^\M) = 4^ V + 1/2, A/> + - 1/2, Ai") (1) 
|vI/(2),M) - |/+1/2,M)+4')|/-1/2,M). (2) 

The mixing coefficients, c, in these equations are calcu- 
lated from the secular equations with the hyperfine in- 
teraction and the interaction with the external magnetic 
field taken together. In the low field limit 

\^''^\M) |/ + l/2,Af) 
\^'''^\M) -\I- 1/2, M). 

In the high field limit the coupling between / and J is 
broken and it is no longer proper to consider the states 
in terms of F, instead we need to consider them in terms 
of m/ and mj. In this limit we have the states 

|*(^\m) -> |m/ = Af - 1/2, mj = 1/2) 
\¥^\M) |m/ =M + 1/2, mj = -1/2). 

It makes no sense to divide the terms into hyperfine and 
Zeeman transitions in the high field limit because F is 
not conserved, nevertheless we shall call the IvP^^^) 
I^I/^^)) transitions the hyperfine ones and the I'l'*-^-', M) 
|*(i),Af±l) , and |^'(2),A//) ^ \^'-^\M±1) the Zeeman 
ones. 

The dependence of the ^^■^Cs 6si/2 energy levels on 
the external magnetic field is presented in Figure ^ In 
weak magnetic fields the energy difference of the hyper- 
fine term j^*^^^) and j^^^^^) is constant and equal to AEhf 
while the energy difference of the Zeeman terms is pro- 
portional to the field. In the strong field the hyperfine 
transition energy increases in proportion to the field while 
the Zeeman transition energy is constant and equal to 
AEiif/{2I + 1). Here and below we neglect small terms 

UnB where is the nuclear magnetic moment. 

For the hyperfine transitions without the external field 
the ratio R is given by 

(*(2)^M|d|*(i),Af) 
" ~ u;(*(2),Af|/x|^'(i),Af) 

= / ^ + l/2 y/ M^-l/2|MI|/+l/2) 



Here g is the atomic magnetic (Lande) (/-factor: g = 2 
for the Si/2 valence electron (K, Rb, Cs, Ba+, Au, Fr), 
and g = 2/3 for the pi/2 valence electron (Tl). 

In weak fields the El amplitudes behave just like the 
transition frequencies (they are proportional to the field 
for Zeeman transitions and constant for hyperfine ones), 
while the Ml amplitudes are independent of the weak 
field. The R parameters, given by 

(^'(i),A//|d+|*(i), A/ + 1) 
cj(*(i),A/|^+|«'(i),A/+ 1)' 

for hyperfine transitions are independent of the field 
while it is weak. For Zeeman transitions they are given 
by 

-^|*(i),M)-.|*(i),M±l) — 2-f^o, (4) 
-R|*(2),Af)^|*(2),Af±l) = 2(/ + l)i?o. (5) 

Here we use spherical components of the electric and 
magnetic dipole operators defined as = {dx + idy)/^/2 
and /i+ = {^ix +iiiy)l V2. 

In strong magnetic fields the transitions j^E'^^), Af) 
|«'(2),Af ± 1) are not interesting since the transition 
|5'(i),Af) \-^'^^\M+1) corresponds to AI^ = 2, result- 
ing in the El amplitude being forbidden due to selection 
rules, while for the transition \-^'^^\M) \'^/'^'^\M - 1) 
both the Ml and El amplitude are independent of the 
magnetic field and so the magnetic field dependence of R 
comes entirely from lo which increases linearly with mag- 
netic field, resulting in R decreasing inversely to the mag- 
netic field. By contrast, in the transition \'^^^\M) 
|\['(^\A'/) the El amplitude is independent of the exter- 
nal magnetic field. The parameter i?|^(i)^^^^^|^(2) jv,/^ can 
also be shown to be independent of the field and always 
equal to i?o- The El amplitude of the Zeeman transi- 
tions in a strong magnetic field reach a constant value, 
comparable to the El amplitude of the hyperfine transi- 
tions. The frequencies also reach a constant value, given 
by w = AEhf/{2I + 1), while the Ml transition ampli- 
tudes decrease in proportion to the field. This results in 
the R parameters increasing with the field 

-^|'I'(i),M)^|*(i),Af±l) = -R|*<2),Af)^|*(2),M±i) 

= 2iI+l/2)Rox, (6) 

where x = g^sB / AEhf- 

Calculated R parameters for a collection of atoms are 
presented in Tabled In Tables ITU IIIII and IIVI we present 
w, d and /i for the different magnetic fields. The dinien- 
sionless coupling constant, k, consisting mainly of the 
anapole moment of the nucleus has been left as a free 
parameter, we present an estimate of in Table ITTTl to 
give an approximation of the size of this term. The P-odd 
El transition amplitudes, d, R parameter and transition 
frequencies, uj all depend upon the magnetic field, but it 
is useful to consider d and i? as a function of uj. These 
relationships are presented in Figures |21 and |2| Moving 
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from left to right in these graphs corresponds to an in- 
creasing magnetic field. These figures show that for tran- 
sitions with the same frequency, Zeeman transitions have 
a larger P-odd El amplitude as well as a larger ratio of 
the El amplitude to the P-even Ml amplitude than the 
hyperfine transitions. 

We conclude that Zeeman transitions in heavy atoms 
have some advantages over the hyperfine transitions that 
have been considered previously. The biggest advantage 
is that the transition frequencies can be tuned to make 
an experiment easier to perform, increase sensitivity and 
provide additional control of systematic effects by vary- 
ing the magnetic field. Zeeman transitions should be 
considered as candidates for experiments to measure the 
anapole moment of nuclei. 



Energy 



FIG. 1: Zeeman splitting of the hyperfine terms of ^^''Cs 
as a function of magnetic field. In weak fields the splitting 
between hyperfine levels (marked AE^f) is fairly constant and 
the splitting between Zeeman levels increases linearly with the 
field. In strong fields the splitting between the hyperfine levels 
increases linearly with the field while the splitting between the 
Zeeman levels reaches a constant separation (marked ujz)- 
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TABLE I: We present the ratio, R, for a range of atoms and ions with J=l/2. R is presented for no magnetic field, a small 
magnetic field and a large magnetic field, X = is a dimensionless parameter representing the magnetic field strength. The 

values of the PNC reduced matrix elements, (_FF|jd|[-Fj), are taken from [l^ . Note that we use the convention for k and the 
PNC reduced dipole matrix elements used in the earher work . To convert to the notation used in k must be multiplied 
by the factor ( — 1)^^^''^'''' -Tp^rjy where / is the orbital angular momentum of the unpaired nucleon. 

Atom/ion I nl Fi - Fp AEhf (FfMIFi) R (10"''iK7?j/"^) 

cm"^ 10""i«:eas |*(^\ M) ^ , M) |*(^\ M) ^ |*(^' , M ± 1) 















x = 


X < 1 


X > 1 




1.5 


4s 


1-2 


0.0154" 


-1.18 


-0.85 


-2.5 


-3.4a; 


»5Rb 


2.5 


5s 


2-3 


O.lOl' 


-8.74 


-0.76 


-3.8 


-4.6a: 


»^Rb 


1.5 


5s 


1-2 


0.228" 


7.27 


0.35 


1.1 


1.4a; 


"3Cs 


3.5 


6s 


3-4 


0.307" 


-43.8 


-1.1 


-7.6 


-8.6a; 


"^Ba+ 


1.5 


6s 


1-2 


0.268'' 


-32.9 


-1.3 


-4.0 


-5.4a; 


i^^Au 


1.5 


6s 


1-2 


0.203" 


85.4 


4.6 


14. 


18.a; 




0.5 


6pi/2 


0-1 


0.71-' 


-400'' 


-29. 


-29. 


-59.a; 


211 Fr 


4.5 


7s 


4-5 


1.45P 


-481' 


-2.2 


-20. 


-22.a; 



"Reference 1131 
'Reference 
■^Reference 
■^Reference 
'^Reference 
■^Reference 
^Reference | 

''A significantly differen t va lue of -141 was obtained for this re- 
duced matrix element In |20| . 

'A similar value of -445 was calculated In |21|. 



TABLE IL We present the transition energy (in units cm~^) 
for the atoms and transitions that have been considered in 
this paper, x = ^ dimensionless parameter related to 

the magnetic field strength. The 5 = column contains the 
hyperfine splitting which is referenced in Table|lJ the next two 
columns contain the Zeeman splitting between adjacent levels, 
in cesium these energies correspond to the energy difference 
marked uiz on Fig. 

Atom/ion B=0 gfisB ^ AEuf gfisB :^ AEhf gi^NB 
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0.0570 
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0.307 
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0.0384 


i^^Ba+ 


0.268 


0.0670a; 


0.0670 


i«Uu 


0.203 


0.0508a; 


0.0508 


205 r-j-ij^ 


0.71 


0.355a; 


0.355 


211 Fr 


1.451 


0.1451a; 


0.1451 
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TABLE III: Here we present the El amplitudes as a function of field in units of ineas- We include a rough estimate of Ka- For 
each atom we present the transition with the largest El amplitude in a low field. 



Atom/ ion 




M|d^|*(2)^M)'' transition" 


\W , IVI + l\a^\v , IVl ) 


/\T/ A /■ a_ 1 1/7 l\T/ A/T\'^ 






B — 










V.Li 


3.7 X 10"" 


I 


o q w 1 n— 14™ 
z.o X iU X 


7 V 1 14 




0.28 


2.4 X 10~^^ 


I 


1.6 X 10~^^a; 


1.7 X 10~^^ 


8^Rb 


0.28 


-2.3 X 10"^^ 


I 


-1.4 X IQ-^'^x 


-1.6 X 10"^^ 


"^'Cs 


0.38 


1.1 X 10"^^ 


I 


7.2 X 10"^=* a; 


7.6 X 10"^^ 


"7Ba+ 


0.38 


1.0 X 10~^^ 


I 


6.4 X 10~^^a; 


7.4 X 10"^^ 


«^Au 


0.49 


-2.7 X 10"^^ 


I 


-1.7 X lO^^^a; 


-1.9 X 10"^^ 


205 rpj 


0.50 


2.3 X 10~" 


II 


1.2 X 10""a; 


1.6 X 10"" 


211 Fr 


0.51 


1.1 X 10~" 


II 


7.5 X lO'^^a; 


7.7 X 10"^^ 



"These are calculated using the formula JL A^/^Op where a. 

^ 10 mpro ' 

is the fine structure constant, ^L is the magnetic moment in nuclear 
magnetons of the external nucleon (a proton for all the cases above), 
rrip is the mass of the external nucleon (ie proton mass), ro = 1.2 
fm, and g-p = 4.5 is the strength of the weak nuclear potential in 
units of the Fermi constant Gp. More details about how anapole 
moments can be calculated can be found in the review 

'These are calculated using the expression, 
{{I+l/2f-M^)'-^^{I+l/2\\d\\I-l/2) 
2(/(7+l/2){/+l))l/2 

'^These shows which Zeeman transitions have the largest El am- 
plitude in a small field. I stands for the transition I'l'f^^ — 1) — > 
jl-fl^O) and II stands for the transition |il'(i),0> l^f^),!). It 
should be noted that the difference between these amplitudes is 
very small. 

"^These are calculated using the expression, 
_ (7+M+3/2)l/^(/-M+l/2)V^/l/^(/+l/2||d||i--l/2) , 

(/+l)l/2{2/+l)3/2 ^' ^'^^^^ 

~ ^E^f • 

'^These are calculated with the expression, 

((-f+l/2)^-M'')l/^(J+l/2||d||/-l/2) 
2(/(/+l){2I+l))l/2 ■ 



TABLE IV: Here we present the Ml amplitudes as a function of field in units of 10 
the same transitions as used in Table ITTTl 



eaB- We present the Ml amplitudes for 



Atom/ ion 




(*,M + 1|m+|*,M)'' 


(*,Af + l|Ai+|*,M)'= 




5 = 


g/iBB < AEhf 


g^sB > AEhf > gifJiNB 


39k 


-3.2 


-2.6 


-2.2/a; 


«5Rb 


-3.4 


-2.7 


-2.4/a; 


«^Rb 


-3.2 


-2.6 


-2.2/a; 


Cs 


-3.5 


-2.7 


-2.5/a; 


"7Ba+ 


-3.2 


-2.6 


-2.2/a; 


is^Au 


-3.2 


-2.6 


-2.2/x 


2D5rpj 


-3.6 


-1.2 


-0.86/a; 


211 Fr 


-3.6 


-2.8 


-2.6/a; 



"These are calculated 
-9MB((/+l/2)^-Af^)l/^ 
21+1 

'These are calculated 
-9AtB(/+M+3/2)l/''(/-M+l/2)l/^ 
V2(2/+l) 
•^These are calculated 
((7+1/2)^ -A/^)V^9A.j; 



v^(2/+l)a; 



where x ■ 



usmg 



using 



using 



the 



the 



the 



expression 



expression 



expression 
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FIG. 2: P-odd El transition amplitudes between Zeeman and 
hyperfine terms of different atoms as a function of transition 
frequency and external magnetic field. The points represent 
the elements and also represent the strength of the magnetic 
field, from left to right 0.0001 T, 0.001 T, 0.01 T, 0.1 T and 
IT. The graph shows that the El amplitude of Zeeman tran- 
sitions increases linearly with the field for small fields before 
reaching a constant value, but retains a constant value for 
hyperfine transitions, independent of the field. It should be 
noted that in the case of Zeeman transitions, the transition 
energy and El amplitude reach a constant maximum value 
at a critical field given by B = ^^J^J (a; = 1), in this graph 
the lines for the Zeeman transitions end at half this value 
(x = 1/2), which is less than IT for several atoms. The hy- 
perfine transition energy is almost constant for small fields (as 
can be seen in Fig. 0, resulting in several points appearing 
at the same position. 




ia^ 10"* io"^ 10"^ 10'^ 

Transition Energy (cm'^) 



FIG. 3: The ratio, R, of the PNC El amphtude, d, to the 
background (uj^i) as a function of external field and transition 
frequency. The external magnetic field is once again repre- 
sented by the points, ranging from 0.0001 T up to 1 T from, 
left to right. This graphs shows that R for Zeeman transitions 
can be significantly higher than for hyperfine transitions in the 
same atom. 



